Sparse arrays of evaporated silver nanodisks were fabricated with nanosphere lithography (NSL) on glass substrates and on hydrogenated nanocrystalline silicon solar cells. The optical transmittance spectra for arrays on glass vary substantially with film thickness, and were reasonably consistent with previous work. The quantum efficiency spectra of hydrogenated nanocrystalline silicon solar cells show spectral shifts due to coupling of surface plasmons in the metal nanodisks to the planar waveguide modes of the cells, with overall photocurrent enhancement up to 10%.
INTRODUCTION
Nanostructured metal films prepared on top of thin silicon photodiodes can give surprisingly strong enhancements of the diode photocurrents at some wavelengths. The effect was discovered about ten years ago by Stuart and Hall [1] for silicon-on-insulator (SOI); it is due to the coupling of the surface plasmon excitations in the metal nanostructures to the planar waveguide modes in the photodiodes. The effect is now being assessed by several laboratories for its possible utility in thin-film solar cells [2, 3, 4] ; it is an alternative to the use of textured substrates in solar cells, which produce enhanced photocurrents through stochastic light-trapping [5] .
Surface plasmon resonance is the collective oscillation of the conduction electrons near metal surfaces. The resonant frequency of the sub-wavelength-size metallic particles depends on their size and shape as well as the dielectric into which they are embedded. At this frequency, particles interact with light and result in an extinction dip in the transmission spectrum reflecting both scattering of light and absorption (thermalization) within the nanoparticle. Absorption dominates if the particle size is very small compared to the wavelength [6] (i.e., d ≤ 10 nm). The absorbed light is dissipated as heat to the system and this is not desirable for the solar cell application. Scattering dominates with the increasing size and can be utilized to couple certain wavelengths of the incident light into the waveguide modes of a thin-film solar cell. A schematic diagram of the thin film solar cell cross section is shown in Figure 1 .
There are several technologies for creating nanostructured metal films on top of solar cells. Most previous research on plasmonic photocurrent enhancements in photodiode structures has used evaporated silver films that are subsequently annealed above 200°C to produce irregular nanostructured films. This method is the only one that has given substantial photocurrent enhancements (about tenfold) in photodiodes and silicon solar cells [1, 3] but the high-temperatures of annealing are a difficulty for use with hydrogenated amorphous and nanocrystalline silicon (nc-Si:H) solar cells. Electron beam lithography is capable of fabricating highly uniform nanoparticle arrays [7, 8] . However, this method is very slow for large area coverage. A third method is simple casting of metal nanoparticles from solution [2, 4] .
In this paper we explore silver nanoparticle arrays with average size d ~ 100 nm fabricated using nanosphere lithography (NSL). In NSL, mono-and double-layers of submicron diameter spheres, typically latex, are formed on substrates by various methods; the voids between the spheres act as templates for metal evaporation. It is a simple method for depositing large area, uniform size metallic nanoparticle arrays on surfaces; it permits direct control of the lateral size and patterning of the silver films, as well as independent control of the film thickness.
Using NSL, we prepared silver nanoparticle arrays on top of glass substrates and on nc-Si:H solar cells. Consistent with the previous reports, we find that the optical properties of these arrays are sensitive to the thickness of the individual nanoparticles in the arrays; the shapes themselves can be modified by changing the metal evaporation conditions, surface conditions, and annealing [9] . For the present work we chose to use fairly sparse arrays of nanoparticles. These changed the quantum efficiency (QE) of the solar cells significantly in some cases. The largest photocurrent enhancement we found was about 10%. We describe next steps to achieving larger photocurrent enhancements in the discussion.
SAMPLE PREPARATION
Drop casting [9] , spin coating [10] and convective self assembly (CSA) [11] are the most commonly used methods for the deposition of mono-and double-layers of microspheres. Here, the (CSA) method was used to deposit the spheres on various substrates. Latex spheres were purchased from Polysciences Inc. and their concentrations were 2-3% as received. The CSA method requires high concentrations of sphere suspensions. Hence, sphere suspension concentrations were increased to 20% by centrifuging and redipersing in de-ionized water. Figure 2 depicts a schematic diagram of the CSA setup. As a test substrate, glass slides were placed on an inverted microscope stage. A 5 µl droplet of the concentrated microsphere suspension was deposited on the substrate. A fixed position cover slip spreader was used to trap the droplet as shown in Figure 2 . The angle of the spreader was fixed at 25º as reported in the literature [12] . As the motorized stage moves, the trapped droplet gets dragged on the surface and convective self assembly of spheres occurs at the tail of the dragged droplet. The motorized stage speed was varied to deposit mono-, double-or multi-layers of microspheres. After the formation of microsphere masks, silver (99.99% pellets) was deposited using a thermal evaporator. The mask was removed by sonication for 30 sec in absolute ethanol.
Initially, mono-layers of microspheres were deposited to fabricate triangular silver nanostructures as shown in Figure 3a and b. Fabrication of large-area, uniform triangular structures require defect-free, closed-packed monolayers of microspheres. Although, large patches of monolayers were deposited on glass substrates, larger gaps between monolayers were observed on the top ITO electrode of the solar cells. Larger gaps cause deposition of larger silver particles (Figure 3b) , which block the incoming light and decrease the efficiency of the solar cells. This problem was eliminated by depositing double-layers of microspheres as NSL masks. Large gaps in the monolayers were filled by the spheres from the second layer, avoiding the formation of large silver particles (Figure 3c and d) .
In order to explore the effect of the silver disk array thickness on extinction, 20 and We used NSL to fabricate silver disk arrays on indium-tin-oxide coated glass and onto special nc-Si:H silicon solar cells prepared at United Solar. The solar cells are prepared on stainless steel substrates coated with 500 nm of flat silver followed by a ZnO layer. The nc-Si:H solar cells were applied in the nip deposition sequence; more details are given in ref. [14] . 70 nm thick transparent conducting oxide contacts were deposited on top of the nc-Si:H cells. Figure 4 shows the transmittance curves of silver disk arrays on glass substrates. The solid and the dotted curves represent the 20 and the 50 nm thick disk arrays, showing extinction dips at 500 and 920 nm wavelengths, respectively. These results are in accordance with previous findings [9] . The square-dash line was taken from reference [3] for comparison. It is the extinction curve of the 16 nm mass thickness annealed films that enhanced SOI detector photocurrents about tenfold. The extinction intensities of the disks in this study were low compared to the annealed silver films of [3] . This was most likely due to the lower density of silver disks on the surface. The average distance between the disks was approximately 750 nm, which is the diameter of the spheres (Figure 3(c) ).
OPTICAL PROPERTIES
Silver disks with the same size and thickness were fabricated on the top ITO electrode of nc-Si:H solar cells. Before the silver deposition, a 30 nm thick lithium fluoride (LiF) layer was thermally evaporated through the voids of the NSL masks. Figure 5 depicts the QE measurements of these solar cells with and without the silver disks. In the absence of the disks, the oscillations are due to the interference fringes in the reflectance of the 1.75 micron thick solar cells. The QE curve was blue-shifted in the long-wavelength range after the deposition of the 20 nm disks (solid line in the top QE curves in Figure 5) . A slight overall enhancement with the 20 nm thick silver disks is also apparent in the long-wavelength range. In order to find the ratio of the non-spectral shift related enhancement, the curves were fitted to an exponential decay function. The ratio of the fitted curves shows enhancement up to 10% in the QE. Although this result is much below the reported average photocurrent enhancements of about tenfold in SOI photodetectors [1, 3] , it is comparable to other studies in thin-film solar cells [2, 4, 7] .
The QE was red-shifted and decreased on average after the deposition of 50 nm thick silver disks (bottom curves in Figure 5 ). The QE shift and enhancement are thus correlated with the position of the extinction dip. Blue-shifting of the QE curves occurs when the dip is around 500 nm; red-shifting occurs when it's around 900 nm. Although not shown here, in the absence of the 30 nm LiF spacer layer, no spectral shift was observed, which is consistent with the results of [7, 15] .
We don't presently have a simple understanding of the relation between the position of the extinction dip and the plasmonic coupling, but both these and previous results suggest that the wavelength of the extinction dip of the silver particle arrays and its strength plays an important role in the enhancement of the QE of the solar cells. 
CONCLUSIONS
NSL lithography was utilized to deposit different thickness silver disks on various substrates. Transmittance spectra of particles with different thickness were analyzed. The QE of a nc-Si:H solar cell increased 10% and the QE curve exhibited a blue-shift after the deposition of the 20 nm silver disks. Red-shift of the QE curve along with the decrease in the QE was observed for the 50 nm silver disks. Design parameters of the silver particles will be changed to improve the QE enhancement in thin-film solar cells.
